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. , , Batchelor(1951),
Effinger and Grossman (1987), Shirovich et $\mathrm{a}1.(1994)$ 3 2
Karman-Howarth , Skewness closure , .
, $x_{1}$ $u$ , 2 $S_{2}.(x)=\langle[u(x+re_{1})-u(X)]^{2}\rangle$ Kolmogorov
$l_{d}=(\nu^{3}/\overline{\epsilon})^{1/4}$ $\overline{x}=.x/l_{d}$ ,
$\frac{15}{(\overline{\epsilon}\nu)^{1/2}}s_{2}(\overline{x})\approx\frac{\overline{x}^{2}}{[1+(\overline{X}/b)^{2}]^{2}/3}$ , $b^{2}= \frac{S_{v}}{8}\frac{5}{15^{3/2}}$ , $S_{v}= \frac{\langle(\frac{\partial u}{\partial x})^{3}\rangle}{\langle(\frac{\partial u}{\partial x})^{2}\rangle 3/2}$ (11)
. 3 $E(k)$ $k\ll k_{d}=1/l_{d}$ $E(k)\propto k^{-5/3}$ ,
$k\gg k_{d}$ $E(k)\propto\exp(-c(k/k_{d}))$ . $c$ .
2 ,
. - , $-$
.
3 (Tatsumi&Yanase 1980)
. - , 2 DNS . ,
(Borue 1994, ,
1995, 1996). , 3 2 , DNS
, 2 .
, ,
. , $r$ 2
$K_{2n}(r)\equiv\langle[\omega(x+r)-\omega(x)]2n\rangle$ (1.2)
. 3 Anselmet et $\mathrm{a}1.(1984)$
( DNS) , 2 ,
. DNS $K_{2n}(r)$ , , Passive scalar
anormalous scaling .
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3 , 2 ( , )
Karman-Howarth . $S_{2}(r, t)$
$\frac{\partial S_{2}(r,t)}{\partial t}+\frac{\partial S_{3i}(r,t)}{\partial r_{i}}=-4\overline{\eta}+2\nu\nabla^{2}s2(r, t)$, (1.3)
. $\overline{\eta}=\nu\langle(\partial\omega/\partial X\iota)2\rangle$ ,
$S_{3i}(r)=\langle\delta u_{i}(r)[\delta\omega(r)]2\rangle$ , $\delta u_{i}=u_{i}(x+r)-u_{i}(x)$ (1.4)
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. $|r|=r\ll L$ , $\partial/\partial t=0$ ,
$S_{3}(r)$ $S_{3i}(r)=S_{3}(r)r_{i}/r$ . (1.3) , $r$
$0$
$S_{3}(r)=-2 \overline{\eta}r+2\nu\frac{dS_{2}(r)}{dr}$ , (1.5)
. $r\gg l_{d}=(\nu^{3}/\overline{\eta})^{1/6}$ ,
$S_{3i}(r)r_{i}/r=-2\overline{\eta}r$ (1.6)
. 3 , Kolmogorov $S_{3i}^{3D}(r)(ri/r)=\langle\delta u_{i}(\backslash r)[\delta u(r)]2\rangle(ri/r)=-4\overline{\epsilon}r/5$
.
, $r$ . , (1.5) $r_{1}/r$
$r_{1}=x$ ;
$s_{31}(x)=-2 \overline{\eta}x+2\nu\frac{dS_{2}}{dx}$ . (1.7)
, . , $x$ $\ll l_{d}$
. , $x\ll l_{d}$ , 2 skewness S
$\lim_{xarrow 0}\frac{S_{31}(_{X)}}{x^{3}}=-\frac{S_{\omega}}{8}\frac{\overline{\eta}}{\nu}\Omega 1/2$ , (1.8)
.
$S_{\omega}=-2 \frac{\langle\frac{\partial u_{1}}{\partial x}(\frac{\partial\omega}{\partial x})^{2}\rangle}{\langle(^{\partial}\#_{x}^{u})^{2}\rangle 1/2\langle(\frac{\partial\omega}{\partial x})\rangle 2}$, $\Omega=\frac{1}{2}\langle\omega^{2}\rangle$ (1.9)
. (1.9) (1.7) , $x$ 1
$F( \overline{x})\equiv 2\overline{\eta}S2-2/3(_{\overline{X}})=\overline{X}-\frac{S_{\omega}}{32}2\mathcal{R}_{\lambda^{1}}/3\overline{X}^{4}$, $\mathcal{R}_{\lambda}=.\frac{\Omega^{3/2}}{\overline{\eta}}$ (1.10)
. $S_{2}$ , $\mathcal{R}_{\lambda}$ $S_{\omega}(\mathcal{R}_{\lambda})$
, . , (1.10) 3 (1.1) ,
$\mathcal{R}_{\lambda}$ . 3 3 $s_{3i}^{3D}(r)=\langle\delta u_{i}(r)1\delta u(r)]^{2}\rangle$
$\delta u(r)$ , 2 2 .
, (1.10) $F(\overline{x})$ $\overline{x}^{2}$ 2 , P\’ade
. :. . $F( \overline{x})\approx\frac{a^{2}\overline{x}^{2}}{a^{2}+\overline{x}^{2}}$, $a^{2}= \frac{32}{S_{\omega}\mathcal{R}_{\lambda^{1/3}}}$ (1.11)
$\text{ _{ } _{ }}$ . $\ll 1$ $F(\overline{x})$ . $E(k)\propto k^{-(3+)}\delta\vee,$ $(\delta\geq 0)$
, $S_{2}(x)\sim\overline{\eta}^{2}x/3\delta$ . $\overline{x}\gg 1\text{ },$
.
$F(\overline{x})\sim\overline{x}\delta$ (1.12)
. (1.11) (112) $F(\overline{x})$
$F( \overline{X})=\frac{\overline{x}^{2}}{[1+(\overline{X}/b)^{2}]^{\frac{2-\delta}{2}}}$ , $b^{2}= \frac{16(2-\delta)}{s_{\omega}n_{\lambda^{1}}/3}$ (113)





$C(\overline{k})$ $=$ $\frac{1}{2\pi}\int_{-\infty}^{\infty}c(\overline{x})e^{-i\overline{k}}\overline{x}_{d\overline{X}}$ ,
$\approx$ $A \frac{\partial^{2}}{\partial\overline{k}^{2}}[(\frac{\overline{k}}{2b})\sigma_{\mathrm{A}_{\sigma}^{r}()]}b\overline{k}$ , (115)
$A$ $=$ $\frac{\beta^{2}}{\pi^{1/2}}\frac{b^{2-\delta}}{\Gamma(\sigma+1/2)}$
,
$\overline{k}=kl_{d}$ , $\sigma=\frac{1-\delta}{2}$ (116)
. K\nu (z). $\nu$ . 1 2
$E(k)$ (Tsuji 1955)
$\overline{E}(\overline{k})$ $\equiv$ $\overline{\eta}^{-2/3}E(k.)$
$=$ $\frac{Ab}{(2b^{2})^{\sigma}}\overline{k}^{-3}\int_{K}^{\infty}[(Z^{2}+4\sigma(\sigma-1)+1)K\sigma-1(z)-2\sigma ZK\sigma(z)]\frac{z^{\sigma}}{\sqrt{z^{2}-K^{2}}}dz$ , $K=b\overline{k}$ (1.17)
.
$\overline{E}(\overline{k})$ $\sim$
$\frac{A}{2^{\sigma}}\overline{k^{\wedge^{-(3}}}+\delta)$ , for $\overline{k}\ll 1$ ,
$\sim$
$\frac{A\pi b^{2-\sigma}}{2^{1+\sigma}}\overline{k}^{\sigma-2}e^{-b\overline{k}}$ , for $\overline{k}\gg$
.
$1$ (118)
. $(3+\delta)$ – ,
. $b$ , ,
$b_{2D}=( \frac{16(2-\delta)}{S_{\omega}}\mathrm{I}^{1/2}\mathcal{R}\lambda^{-1/}6$ (1.19)
. , $b_{2D}$ $\mathcal{R}_{\lambda^{-1/6}}$ . , ,
, . – , 3
(Shrovich et al. 1994) }
’ .
. $/_{--}---\backslash 1/2$
$b_{3D}=( \frac{-- \mathrm{v}--}{S_{v}}]$ (1.20)












Fig 1. $\overline{\eta}k2/33+\delta E(k),$ $(\mathrm{a})$ , (b) .
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1: DNS
$N$ : resolution, $\nu$ : kinematic viscosity, $k_{\max}$ : maximum wavenumber.
Labels
Parameters runl run2 run3 run4
$N$ 10242 10242 20482 40962
$\nu$ $5\cross 10^{-4}$ $1\cross 10^{-4}$ $2\cross 10^{-5}$ $7\cross 10^{-6}$
$\Delta t$ $5.859\cross 10^{-4}$ 5.859 $\cross 10^{-4}$ 2.930 $\cross 10^{-4}$ $7324\cross 10^{-4}$
$k_{\max}$ 483 483 965 1931
$R_{\lambda}$ 19 23 40 59
$\eta$ 0.27 0.40 0.25 0.16
$k_{d}$ 36.0 857 177 279
$\delta$ 0.509 0.430 0.374
$-\underline{b_{2D}}$-3.4633.1813.023
, DNS . DNS $N=1024^{2},20482$ ,40962
3 . Gaussian white noise ,
, ( 1995,
1996). Fig 1 $\overline{\eta}^{-2/3}k^{3}+\delta E(k)$ ,
. $(\delta)$ . $\delta$ 1 . 2
, $\mathcal{R}_{\lambda}$ $\delta$ . - , $S_{\omega}$ $\mathcal{R}_{\lambda}>20$
( 3). , S . , $b_{2D}$ $\mathcal{R}_{\lambda}$
$\mathcal{R}_{\lambda^{-1/6}}$ . 4 $DNS$ (1.19) . DNS $\overline{\dot{\tau}}-p$
, DNS . $\mathcal{R}_{\lambda}$ , DNS
. DNS ,
. , , (1.19)
. , (1.10) (1.11) 2 $\overline{x}^{2}$
P\’ade . (111) $F(\overline{x})$ ,




Fig 2. $\delta$ $\mathcal{R}_{\lambda}$ . Flg 3. S $\mathcal{R}_{\lambda}$ .
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, (119) $\mathcal{R}_{\lambda^{-1/6}}$ (Tat-5
$DNS\text{ }$ sumi & Yanase(1981) $b_{2D}\propto R_{L}^{-1/2}(R_{L}\equiv$Theo’y –45








2.5 , , $E(k)\propto$
$\exp(-b2D(k/k_{d}))$ , $E(k)\propto\exp(-\phi(k/k_{d}))$
2
$\mathit{0}$ $l\mathit{0}$ 20 30
$\mathit{4}\mathit{0}_{bd\mathcal{O}}\mathit{5}\mathit{0}$
$R_{-}\iota_{\mathcal{O}}m$
60 70 80 , $\phi(x)$ .
Fig 4. $b_{2D}$ .
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, , $r(l_{d}\ll r\ll L)$ 2 $\delta\omega(r)$




. , . ,
$-$ . ,
DNS , (1.21) .
$f_{p}(r) \equiv\langle|\delta\omega(r)|^{p}\rangle=2\int_{0}^{\infty}|\delta\omega(r)|pP(\delta\omega(r))d\delta\omega(r)$ (1.22)
. , DNS $P(\delta\omega(r))$ , ,
. $P$ \langle , ,
. , DNS ,




$P(X_{r})\propto\exp(-\alpha_{r}x_{r}\beta_{\gamma)},$ $X_{r}= \frac{\delta\omega(r)}{\langle(\delta\omega(r))^{2}\rangle 1/2}\sim>1$ . (1.23)
5 $\alpha_{r},$ $\beta_{r}$ $\mathcal{R}_{\lambda}=40$ . $r$ $\beta_{r}$
1 . $f_{\mathrm{p}}(r)$ 6 . , DNS
$f_{p}(r)$ ,
. $P\geq 9$
. , $f_{p}(r)\propto r^{\zeta_{\mathrm{p}}}$ . 7 .
DNS – . , .
, . $R_{\lambda}=59$
, DNS .






Fig 5. $\alpha_{r},$ $\beta_{r}$ $r$ . $R_{\lambda}=40$ . Fig 6. $f_{p}(r)=(|\delta\omega(r)|p),$ $(p=1,2, \cdots, 20),$ $-$
. $\mathcal{R}_{\lambda}=40$ .
(Kraichnan et al. 1994, Gawezki &Kupiainen 1995,
Fairhall et al. 1996). 2 , passive scalar , .
, $(\mathrm{r}\mathrm{o}\mathrm{t}u)_{3}=\omega$ , .
$k^{2}$ ,
. , $\delta\omega(r)$ $\delta T(r)$ , $\delta\omega(r)$
. , passive scalar .
: $T$ .‘.
$\frac{\partial T}{\partial t}+u\cdot\nabla T=\kappa\nabla^{2}T$ (1.24)
. $\kappa$ $T$ . , 2
, . , Navier-Stokes
$\langle T(x, t)T(x’, t)\rangle$ . ,
$u(x, t)$
$\langle u_{i}.(x, t)u_{j}(x’, s)\rangle=P_{ij}(\nabla)F(x-x’)\delta(t-s)$, (1.25)
, (Kraichnan 1968). , $T$ 2
$\delta T(r, t)=^{\tau(X}+r,$ $t)-T(x, t)$ $2n$
$S_{2n}(r, t)=\langle[\delta T(r, t)]^{2}n\rangle$ , (1.26)
$d$
$\frac{\partial S_{2n}}{\partial t}-\frac{2}{r^{d-1}}\frac{\partial}{\partial r}(r^{d-1}h(r)\frac{\partial S_{2n}}{\partial r})=t_{\dot{\vee}}J_{2}n(r,t)$ ,
(1.27)
$J_{2n}(r, t)=2n\langle[\delta\tau(r, t)]^{2}n-1(\nabla^{2}x+\nabla_{X’}^{2})\delta\tau(r, b)\rangle$ (1.28)
. $h(r)$
$h(r)= \frac{1}{2}\int_{-\infty}^{t}\langle\delta u_{||}(r, t)\delta u||(r, S)\rangle ds\propto r^{\zeta(h)}$ , (1.29)
$\delta u_{||}(r, t)=[u_{i}(x+r, t)-u_{i}(X, t)]\cdot r/r$ (1.30)
. , $2n$ , 2
. $n=1$ . $n>1$ . .
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$J_{2n}$ [$\delta T(r, t)1^{2}n-1$ $(\nabla_{X}^{2}+\nabla_{X’}^{2})\delta T(r, t)$ , , $\delta T(r, t)$
, $\delta T(r, t)$ 2 .
$H(\delta\tau(r))\equiv\langle(\nabla_{X}^{2}+\nabla_{X}^{2},)\delta\tau(r)|\delta\tau(r)\rangle$ (1.31)
. Kraichnan (1994, Kraichnan et a11995)
$H(\delta\tau(r))=f_{1}(r)\delta T(r)+f_{3}(r)1\delta T(r)]^{3}+\cdots$ , (132)
, 1 . , $J_{2n}$ $S_{2n}$ $S_{2n}(r)$
. $S_{2n}(r)\propto r\zeta_{2n}$ $\zeta_{2n}$
$\zeta_{2n}=\frac{1}{2}\sqrt{4nd\zeta_{2}+(d-\zeta_{2})2}-\frac{1}{2}(d-\zeta 2)$ , $\zeta_{2}=2-\zeta(h)$ (1.33)
.
, passive scalar anormalous scaling . , $\delta T(r)$ $\delta\omega(r)$
DNS . 2
$h(r)\propto\overline{\eta}r1/32-\delta$ , $\zeta_{2}=\delta$ (1.34)
. (1.33) 7 . , $(_{2}$ , $E(k)$
$\vee\S\approx \mathrm{w}\approx v4$
Fig 7. $\zeta_{p}$ . DNS, DNS. $R_{\lambda}=40$ . Fig 8. $\langle\nabla^{2}\delta\omega_{r}|\delta\omega_{t}\rangle,$ $r=2^{\iota},$ $(l=4, \cdots, 8)$ .
$38\leq r\leq 157$ . $R_{\lambda}=40$ .
$\delta$ 6 $\zeta_{2}$ . . , DNS –
. (1.32) $H(\delta T)=fi\delta T$ , , DNS .
$(38 \leq r\leq 157)$ $r=2^{l},$ $l=4,$ $\cdots,$ $8$ $H(\delta\omega(r))$ 8 .
$r$ $X_{r}\sim<5$ $H(\delta\omega(r))$ , (1.32) 1
. $X_{r}>5$ .
\searrow ,
. , $p>2$ , (1.27)
, (1.32) 1 ,
(Kraichnan 1996).
$\delta T$ $\delta\omega$ . ,
, .
, (1.27)
. , 8 . ,
$H(\delta\omega(r))$ .
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